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I.  INTRODOCTION 


Efficiency  neasurements  for  nldcel-cadnluB  (Nl-Cd)  cells  generally  cob- 
blne  the  effects  of  poor  diarge  utilisation  during  discharge  with  the  charge 
Inefficiencies  that  result  free  osygen  (O2)  evolution  during  rediarge  at  the 
N1  electrode.  Charge  efficiency  In  this  sense  refers  to  the  percentage  of 
charge  Input  that  Is  elect rochealcally  stored  In  the  cell,  while  charge 
utilisation  refers  to  the  percentage  of  electrochewleally  stored  capacity  that 
Is  returned  under  specific  conditions  of  discharge.  Charge  efflclenqr  and 
utilisation  are  often  difficult  to  evaluate  separately,  because  they  are  both 
Inportant  In  typical  aeasurenents  that  Involve  detendnlng  the  capacity  output 
as  a  function  of  Input. 

Previous  reports  of  both  Integrated  and  differential  (Incremental)^*^ 
charge  efficiencies  generally  Include  the  effects  of  changing  charge  utilisa¬ 
tion  as  well  as  variations  In  charge  storage  efficiency.  Such  reports  of 
charge  efficiency  do  not  provide  good  data  at  states  of  charge  less  than  20Z 
of  fvill  'charge.  The  reported  data  at  low  states  of  charge  are  usually 
erratic,  a  result  that  has  typically  been  attributed*-*  to  an  Inherently 
nonreprodudble  diarge  acceptance  at  low  states  of  charge.  At  low  states  of 
charge  (voltages  well  below  the  O2  evolution  potential),  no  electrochemical  or 
chemical  reactions  have  been  proposed  that  could  give  rise  to  significant 
Inefficiencies  In  charge  acceptance.  Therefore  It  Is  likely  that  any  nonre- 
produclblllty  In  apparent  charge  acceptance  at  low  states  of  charge  results 
from  variations  In  the  utilization  of  stored  charge.  Nonreprodudblllty  In 
such  utilization  Is  most  likely  caused  by  variability  in  test  conditions. 

This  report  presents  a  study  of  charge  effldenqr  and  charge  utilization 
for  m-Cd  cells,  particularly  In  the  low  state-of-charge  region.  Predse  and 
reprodudble  control  of  the  Immediate  cycling  history,  charge  and  discharge 
currents,  diarge  and  discharge  times,  stand  times,  and  temperature  are 
Incorporated  In  the  experiments,  since  all  these  parametera  are  expected  to 
affect  utilization  at  the  lower  states  of  charge.  The  results  will  be  used  to 
evaluate  the  chemical  processes  that  Influence  espadty  utilisation  during  Nl- 
Cd  cell  disdiarge. 
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II.  EXPERIMEHTAL  PROCEDURES 


All  the  aeasurenenta  repotted  here  were  node  on  seveial  10  Ah  sealed  Nl' 
Cd  cells  aanufactured  by  General  Electric.  The  cells  had  polypropylene 
separators.  Cell  charge  and  discharge  Intervals  and  currents  were  conputer 
controlled,  and  cell  voltage  was  continuously  nonltored  by  the  coaputer.  A 
prograaaahle  power  supply  (Repco  36-5M)  was  Interfaced  to  the  co^mter,  and 
was  used  to  charge  and  discharge  the  cells.  Cell  temperature  was  controlled 
at  23  ±  0.1 "C  In  a  thermal  bath. 

Prior  to  each  measurement  cycle  the  cell  was  charged  and  discharged  5 
times  bp  means  of  a  standard  cycle  consisting  of  charging  for  1000  s  at  2.5  A 
(C/4),  then  discharging  at  4  A  to  1  V,  followed  bP  discharge  at  1  A  to  0.01 
V.  The  Initial  cycles  were  Intended  to  conveniently  establish  a  reproducible 
standard  for  the  Initial  state  of  charge.  The  overall  diarge  efficiency  or 
utilization  was  then  obtained  by  recharging  the  cell  to  the  desired  state  of 
charge,  followed  by  discharge  to  the  Initial  state  of  charge  (1  A  to  0.01  V). 


III.  RESULTS  AND  DISCUSSION 


Figure  1  indicates  typical  charge  efficient  and  utilisation  profiles. 
Two  plots  are  presented  here,  the  coulonetrlc  output  as  well  as  the  change  In 
coulonetric  output  (differential  or  Incremental  efficiency)  as  a  function  of 
coulometrlc  Input.  The  differential  curves  are  simply  the  slopes  of  the 
coulometrlc  output  curves.  The  solid  curves  In  Fig.  1  Indicate  the  coulo^ 
metric  output  for  discharge  at  C/2. 5  to  1  V,  while  the  dashed  curves  Indicate 
the  output  when  the  cell  was  discharged  to  0.01  V  through  a  0.25-Q  resistor. 
The  falloff  of  both  curves  above  40,000  C  of  charge  Input  Is  due  largely  to 
the  onset  of  O2  evolution  as  the  cell  reaches  full  dtarge.  The  dashed  lines 
are  not  substantially  affected  by  poor  utilization  of  tte  electrode  capacity, 
since  the  capacities  were  obtained  by  means  of  a  low  rate,  deep  discharge. 
Therefore,  the  dashed  lines  In  Fig.  1  provide  a  good  Indication  of  charge 
efficiency,  which  Is  lOOZ  up  to  about  40,000  C  (lllZ  of  rated  capacity),  after 
which  the  charging  efficiency  drops  off  to  zero  as  a  result  of  the  onset  of  O2 
evolution  In  overcharge.  The  solid  curves  are  an  Indication  of  usable  high 
rate  capacity,  and  therefore  Include  Inefficiencies  arising  from  poor  capacity 
utilization  as  well  as  from  O2  evolution. 

The  data  In  Fig.  1  Indicate  two  regions  that  contribute  to  poor  charge 
utilization.  At  high  states  of  charge  It  appears  that  continued  overcharge 
past  the  region  where  the  charge  acceptance  approaches  zero  results  In  a  loss 
of  capacity  utilization.  Such  a  falloff  In  diarge  acceptance  Is  likely  to 
result  from  the  active  material  In  the  N1  electrode  being  charged  Into  a  phase 
or  an  oxidation  state  that  Is  more  difficult  to  discharge  at  high  rntes^  but 
Is  discharged  effectively  at  lower  rates.  At  low  states  of  charge  (lower  than 
about  25Z  of  rated  capacity),  the  utilization  of  charge  Is  also  rather  poor. 
It  Is  In  the  low-capacity  region  that  little  data  exist  on  the  factors  that 
affect  diarge  utilization. 

The  variation  In  differential  utilization  efficiency  for  different 
discharge  rates  Is  Indicated  In  Fig.  2,  where  a  2.S-A  charge  rate  was 
employed.  The  data  show  that  up  to  about  25Z  of  the  capacity  stored  In  the  NL 
electrode  of  these  cells  may  be  poorly  utilized  at  higher  dlsdiarga  rates.  At 
sufficiently  low  dlsdiarge  rates  the  utilization  Is  high  even  at  very  low 
states  of  charge.  The  data  llluettate  that  the  processes  that  control 


DIFFERENTIAL  UTILIZATION  EFFICIENCY  (percent) 


Fig.  2.  Capacity  Utilisation  Efflelancy  as  a  Function  of  State  of 
Charge  for  Different  Discharge  Sates:  0.2  A  (dashed 
line),  0.5  A  (solid  line),  1  A  (dash-^ot  line),  2  A 
(dotted  line),  and  A  A  (dMlirdot-dot  line).  The 
cottloablc  output  was  aeasured  to  a  cell  voltage  of  1  V. 
The  charge  rate  was  2.5  A.  Prior  to  each  efficiency 
aeasureaent  the  cell  ms  subjected  to  5  standard  charge- 
discharge  cycles  to  stabilise  perfonaaee. 
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utilization  at  low  states  of  charge  are  particularly  sensitive  to  discharge 
rate. 

The  effects  of  varying  charge  rate  on  the  utilization  efficiency  are 
indicated  in  Fig.  3  in  the  low  state^f-charge  region.  The  use  of  higher 
charge  rate  provides  a  significant  inprovenent  in  utilization.  The  data  in 
Fig.  3  suggest  that  the  best  capacity  utilization  is  realized  when  the  cell  is 
initially  charged  at  a  high  rate,  and  that  the  charge  rate  should  then  be 
decreased  to  a  lower  value  after  the  cell  is  charged  at  least  50Z.  This 
procedure  assures  that  the  best  utilization  of  the  capacity  is  returned  during 
recharge,  while  avoiding  the  degradation  associated  with  high-rate 
overcharge.^ 

The  capacity  utilization  was  also  found  to  depend  in  an  interesting  way 
on  the  previous  cycling  history  of  the  cell.  The  efficiency  of  utilization 
for  the  first  2500  C  of  recharge  was  taken  as  a  aeasure  of  utilization  at  low 
states  of  charge.  In  Fig.  4  the  initial  utilization  is  plotted  as  a  function 
of  the  highest  state  of  charge  that  the  cell  reached  during  the  previous 
cycle.  Before  each  of  the  experloents  in  Fig.  4  was  begun,  the  cell  was 
shorted  down  for  16  h  through  a  1-fl  resistor,  recharged  for  16  h  at  C/10,  and 
discharged  at  4  A  to  1  V  then  at  1  A  to  0.01  V.  Thereafter,  before  the  cell 
was  brought  up  to  a  given  state  of  charge  by  weans  of  a  2.5-A  charge  rate,  5 
standard  charge-discharge  cycles  (2500  C  returned)  were  done  to  stabilize 
perforaance.  Figure  4  indicates  that  as  the  state  of  charge  from  which  cell 
is  dlsciiarged  increases,  the  initial  utilization  upon  recharge  decreases. 
This  effect  is  much  more  pronounced  at  higher  discharge  rates,  as  shown  in 
Fig.  4. 

The  results  in  Fig.  4  indicate  that  discharge  from  a  relatively  high 
state  of  charge  leaves  the  active  material  in  the  Ni  electrode  in  a  condition 
that  is  subject  to  relatively  poor  utilisation  after  recharge.  The  apparent 
difference  in  the  state  of  the  active  material,  depending  on  how  high  a  state 
of  charge  it  has  been  discharged  from,  suggests  that  the  charge  voltage  may 
show  a  systematic  variation  as  the  chemical  nature  of  the  active  material 
varies.  A  variation  in  charge  voltage  is  indeed  obtained,  as  indicated  in 
Fig.  5.  The  charge  rate  in  Fig.  5  was  0.2  A,  and  after  each  charge  period  the 
cell  was  discharged  at  4  A  to  1  V,  at  1  A  to  0.01  V,  then  cycled  5  times  to 
stabilize  performance  by  means  of  a  ISOO'C  standard  recharge.  The  cell  was 
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DIFFERENTIAL  UTILIZATION  EFFICIENCY  (percent) 


Fig.  3.  Capacity  ntlllzation  Efficiency  as  a  Function  of  State  of 
Charge  for  Different  Charge  Rates:  0.2  A  (dotted  line), 

1  A  (solid  line),  and  2.5  A  (dashed  line).  Ihe  discharge 
rate  was  4  A,  each  discharge  being  to  1  V.  Prior  to  each 
efficiency  measureoent  the  cell  was  subjected  to  5 
standard  charge-discharge  cycles  to  stabilize 
perforoance. 
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discharge  to  1  V,  the  solid  line  for  a  4-A  discharge  to 
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discharged  and  cycled  5  tines  by  means  of  a  2S00-C 
recharge*  The  recharges  Indicated  were  done  In  the  order 
of  Increasing  charge  return.  The  utilisation  for  a  2500- 
C  charge  return  after  each  discharge  Is  also  plotted  as  a 
function  of  the  state  of  charge  reached  during  the  prior 


first  recharged  to  5000  C,  then  was  discharged  so  that  the  utilization 
efficiency  could  be  obtained  and  the  cell  could  be  returned  to  the  standard 
discharged  state.  (Using  a  1-A  discharge  to  0.01  V  discharged  all  capacity 
that  had  been  put  in  during  recharge.)  This  same  procedure  was  then  done 
using  recharges  of  10,000,  20,000,  and  36,000  C.  The  result  (see  Fig.  5)  is 
that  the  material  discharged  during  the  previous  cycle  recharges  with  a  lower 
voltage,  and  that  after  the  previously  discharged  material  is  recharged  the 
voltage  follows  its  original  profile  for  additional  recharge.  The  integrated 
utilization  efficiency  at  a  return  of  2500  C  (2.5*‘A  rate)  is  also  plotted  in 
Fig.  5  as  a  function  of  recharge  on  the  previous  cycle,  and  indicates  that  the 
efficiency  of  capacity  utilization  at  low  states  of  charge  falls  off  as  the 
initial  recharge  voltage  decreases.  The  results  in  Figs.  4  and  5  again  point 
out  that  the  state  of  the  active  material  in  the  Hi  electrode  depends  on  the 
manner  in  which  the  electrode  is  cycled,  primarily  on  the  range  of  state  of 
charge  involved  and  the  charge  and  discharge  rates. 
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IV.  A  PROPOSED  MECHANISM  FOR  DTILIZATIOH  AT  LOW  STATES  OF  CHARCE 


Although  the  data  reported  here  clearly  show  that  changes  that  affect 
charge  utilization  can  take  place  in  the  active  oaterial  at  the  Ni  electrode 
(in  a  posltive-llalted  Ni^Cd  cell),  these  data  alone  do  not  clearly  indicate  a 
nechanlsn  explaining  why  charge  utilization  varies  as  it  does  at  low  states  of 
charge.  However,  it  is  desirable  to  define  the  physically  reasonable 

nechanlsas  that  are  consistent  with  the  data  reported  here  and  in  the 
literature. 

As  the  Ni  electrode  is  discharged  at  a  high  rate,  the  amount  of  the 
charge  that  nay  be  utilized  is  controlled  by  the  manner  in  which  active 
material  depletion  develops  at  the  electrode  interfaces.  Depletion  is  likely 
to  occur  at  either  the  Interface  between  the  electrolyte  and  the  active 

material,  or  the  Interface  between  the  current  collector  and  the  active 

material.  Since  the  divalent  N1(0H)2  formed  during  discharge  is  not  highly 
conductive,  it  seems  more  reasonable  to  assume  that  depletion  of  the  Ni 
electrode  occurs  by  the  formation  of  a  resistive  depletion  layer  at  the 
current  collector-active  material  interface.  Such  a  layer  would  be 
characterized  by  a  depletion  of  charge  carriers  at  a  given  rate  of  electrode 
operation,  with  the  result  being  a  large  voltage  drop  across  the  layer. 

Figure  6  schematically  indicates  the  electrode  structure  relative  to  this 
layer.  The  iralnt  at  which  depletion  occurs  should  be  rate  dependent,  because 
the  thickness  of  such  a  layer,  or  whether  a  layer  forms  at  all,  will  be 
controlled  by  the  capability  of  the  charge  carriers  at  the  interface  to  carry 
the  current,  which  capability  depends  on  the  rate  and  the  carrier  density. 
Therefore,  the  trend  in  utilization  as  a  function  of  discharge  rate  observed 
in  Fig.  2  is  expected. 

It  is  generally  accepted  that  the  defect  structure  of  the  active  material 
in  the  Ni  electrode  is  responsible  for  that  electrode’s  electronic 
conductivity  at  low  states  of  charge.  The  active  material  nay  exist  in 
several  solid-state  phase  modifications,^  each  phase  being  a  solid  solution. 
In  view  of  this  concept,  if  the  discharged  Ni  electrode  is  recharged  at  a  high 
rate,  phases  containing  a  much  higher  concentration  of  defects  should  be 
generated  than  if  a  low  charge  rate  were  used.  Furthermore,  the  high 
concentration  of  defects  should  be  Initially  localized  in  the  region  of  the 
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current  collector-active  oaterlal  Interface,  alnce  this  la  the  region  that  was 
principally  depleted  during  discharge.  Such  a  nonunlforalty  In  phase  or 
defect  structure  would  result  In  a  higher  utilization  at  low  states  of  charge 
when  higher  charge  rates  are  used,  which  Is  the  trend  given  In  Fig,  3,  At 
higher  states  of  charge  the  utilization  Is  good  because  all  regions  of  the 
electrode  are  eventually  brought  up  to  a  quite  high  concentration  of  defects 
and  high  valency  species. 

The  results  Indicated  In  Fig.  5  aay  be  explained  by  the  observation  of 
Barnard  et  al.^  and  others  that  there  are  a  and  fi  phases  of  the  discharged 
N1(0H)2.  Soae  active  material  Is  Initially  discharged  to  the  a  form,  which 
occurs  at  a  lower  potential;  this  gives  a  phase  having  a  high  defect 
concentration,  as  Indicated  In  Fig.  5  by  the  lower  charge  voltages  for  this 
material.  (Barnard  et  al.^  find  that  discharge  to  or-Nl(OH)2  occurs  at  a  lower 
potential  than  discharge  to  0-  N1(0H)2«)  As  the  electrode  Is  repetitively 
charged  and  discharged,  as  shown  In  Fig.  5,  the  charge  voltage  decreases  for 
the  previously  cycled  material,  which  suggests  that  this  material  has  been 
converted  to  a  lower  potential  phase.  Since  the  lower  charge  voltages  are 
accompanied  by  a  lower  Initial  utilization  efficiency.  It  appears  that  the 
lower  potential  phase  Is  not  as  readily  utilized  at  high  rates.  Whether  the 
poor  utilization  of  the  lower  potential  phase  Is  due  to  Its  Intrinsic  lattice 
structure  or  Its  physical  location  relative  to  the  current  collector  remains 
to  be  established.  The  data  In  Fig.  7  appear  to  Indicate  that  during  open- 
circuit  stand  or  reconditioning  the  lower  potential  phase  converts  to  a  higher 
potential  phase.  The  gradual  voltage  rise  upon  Initiation  of  recharge  after 
reconditioning  In  Fig.  7  Is  likely  to  be  due  to  recovery  from  the  deep 
depletion  layer  gradient  generated  during  reconditioning.  In  the  open-circuit 
case  the  depletion  layer  gradient  Is  recovered  from  during  open  circuit  rather 
than  during  recharge,  so  the  voltage  rises  Immediately  when  recharge  Is 
Initiated. 
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V.  CONCLUSIONS 


Tta«  HI  electrode  In  the  seeled  Nl-Cd  cell  exhibits  e  lOOZ  cherge 
efficiency  until  sufficiently  high  stetes  of  charge  ere  reached  that 
overcharge  and  O2  evolution  begins  to  take  place.  Inefficiencies  at  loeer 
states  of  charge  are  due  to  poor  dtai^e  utilisation.  Which  Is  critically 
dependent  on  discharge  rate  and  soaeiihat  dependent  on  charge  rate.  The  data 
are  consistent  with  the  hypothesis  that  dtarge  utilisation  Is  Halted  by  the 
foraatlon  of  a  depletion  layer  at  the  current  collector-active  aaterlal 
Interface  during  discharge.  Evidence  also  Indicates  that  active  aaterlal, 
laaedlately  after  being  discharged.  Is  In  e  high  defect  (lower  potential) 
phase  that  has  lower  utilisation  characteristics.  During  reconditioning  or 
open-circuit  stand,  this  phase  appears  to  revert  to  a  aaterlal  having  a  lower 
defect  concentration  but  a  higher  utlllsablllty. 
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i.Mn«ATn»Y  CWMTIOIIS 


Th*  Uboratory  Oparatlon  of  Iho  Aoroapoco  Corporation  la  eoadoetlat  aapar- 
inantal  and  thaotatlcal  Inaattltatlona  aacaaaary  (or  tha  aaaluatioa  and  applica¬ 
tion  of  aelantiric  advancaa  to  naa  allltary  apaea  ayatau.  Varaatlllty  and 
flaxlblllty  hava  haan  daralopad  to  a  bl<l>  d^roc  by  tha  laboratory  paraonnal  In 
daallni  with  tha  nany  prohlana  ancountarad  In  tha  natlon'a  rapidly  daaaloplni 
apaea  ayatana.  tapartlaa  In  tha  lataat  aelantlflc  daaalopMnta  la  altal  to  tha 
aceoapllabaant  of  taaha  ralatod  to  thaaa  prohlaaa.  Tha  laboratorlaa  that  con- 
tributa  to  chla  reaaarch  ara: 

Aaroohyalea  Uboratory;  Laoneh  vahlcla  and  raantry  aarodynanleo  and  haat 
tranafar,  propula Ion  ehaalatry  and  fluid  aachanlca,  atructural  ■achanlca,  (lltht 
dynaalea;  hl|h-taaparacura  thamoaa chantca ,  gaa  Unatlca  and  radiation;  reaaarch 
In  anairoaaantal  ehaalatry  and  coataalnatlon;  ev  and  pulaad  ehaalcal  laaar 
daaalopsant  Ineludlnt  ehanieal  klaatlea.  apaetroaeopy,  optical  raaonatora  and 
baan  pointing,  ataoapharie  propagation,  laaor  affacta  and  couatamaaauraa. 

Chaaiatra  and  Phyalea  Laboratory t  Ataoaphartc  ehaalcal  raaetloaa,  atao- 
apharle  optica,  light  aeattarlng,  atata-apaelflc  ehaalcal  raactlono  and  radia¬ 
tion  trpnaport  in  rocket  pluaea,  applied  laaar  apaetroaeopy,  laaor  ehaalatry, 
battery  alactrochaalatry,  apaea  vaeuua  and  radiation  affacta  on  aatarlala,  lu¬ 
brication  and  aurfaca  phanoaana,  tharalonlc  anlaalon,  photoaanaltiva  aatarlala 
and  datactora,  atoalc  fraguancy  atandarda,  and  bloanvlronaantal  raoaarch  and 
nonitorlng, 

Elaetronlca  taaaarch  laberatom  Nlcroalaetronlea,  Ca*a  low-aolaa  and 
pouar  davlcaa,  aaaleonduetor  laeara,  alactroaagnatle  and  optical  propagation 
phanonena,  guantua  elaetronlca,  laaar  eoHninleatlona,  Ildar,  and  alactro-optlca; 
coaaunicatlon  aeiaacea,  appll^  alaetroalea,  aanlconduetor  eryatal  and  davlca 
phyalea,  radioaatrle  Inaglng;  allliaater-«aae  and  aleroaava  technology. 

Infotaatlon  Sclaneaa  kaaaarch  Office;  Prograa  verification,  prograa  trana- 
lation,  parlfocaanca-aaoaitiva  ayatan  Taaign,  dlatrlbuted  archltaeturaa  for 
apaeebome  coaputera,  fault-tolerant  conputar  ayataaa,  artificial  lota.'llgeaca, 
and  alcroalactronlca  appllcationa. 

Matarlala  bclancaa  laboratory;  Davelopaent  of  nav  aatarlala:  natal  aatrlx 
coapoaltaa,  polyaara,  an4  nav  foraa  of  carbon;  eoaponaat  failure  analyaia  and 
reliability;  fracture  aachanlca  and  atraaa  eorroalon;  avalaatlon  of  aatarlala  In 
apace  enviroiaMnt;  aatarlala  parfomancx  In  apace  tranaportatlon  ayataaa;  aaal- 
yaia  of  ayatana  vulnarabillty  and  aurvlvablllty  in  anaay-lnducad  anvlronaanta. 

Space  Iclaneaa  l,aberateryi  Ataoa^rlc  and  lonoapharlc  phyalea,  radiation 
froa  tiM  ataoaphara,  ianalty and  coapoaitloa  of  tha  oppar  ataoaphara,  aororaa 
and  alrglou;  aagnatoapharlc  phyaUa,  eoaale  raya,  gaaaratlon  and  propagatlaa  of 
plaaaa  aavaa  In  tha  aagnatoaphara;  aolar  phyalea,  Infrarad  aatroneay;  the 
affacta  of  aaclaat  aaplaalona,  aagaacie  atotaa,  aad  aolar  activity  on  tha 
aarth'a  ataoaphara,  loaoaphera,  and  aatnacoopbare;  the  affacta  of  aptleal, 
alaetraaagnatic,  aad  partlcnlata  radlattoaa  la  apaea  on  apace  ayataaa. 


